Background Inattention blindness (IB) can be defined as the failure to perceive an unexpected object when attention is focussed on another object or task. The principal aim of this study was to determine the effect of cognitive load and surgical image guidance on operative IB. Methods Using a randomised control study design, participants were allocated to a high or low cognitive load group and subsequently to one of three augmented reality (AR) image guidance groups (no guidance, wireframe overlay and solid overlay). Randomised participants watched a segment of video from a robotic partial nephrectomy. Those in the high cognitive load groups were asked to keep a count of instrument movements, while those in the low cognitive load groups were only asked to watch the video. Two foreign bodies were visible within the operative scene: a swab, within the periphery of vision; and a suture, in the centre of the operative scene. Once the participants had finished watching the video, they were asked to report whether they had observed a swab or suture. Results The overall level of prompted inattention blindness was 74 and 10 % for the swab and suture, respectively. Significantly higher levels of IB for the swab were seen in the high versus the low cognitive load groups, but not for the suture (8 vs. 47 %, p \ 0.001 and 90 vs. 91 %, p = 1.000, for swab and suture, respectively). No significant difference was seen between image guidance groups for attention of the swab or suture (29 vs. 20 %, p = 0.520 and 22 vs. 22 %, p = 1.000, respectively). Conclusions The overall effect of IB on operative practice appeared to be significant, within the context of this study. When examining for the effects of AR image guidance and cognitive load on IB, only the latter was found to have significance.
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Keywords Augmented reality Á Inattention blindness Á Laparoscopic Á Cognitive load Á Safety Á Surgery Inattention blindness (IB) can be defined as the failure to perceive an unexpected object when attention is focused on another object or task [1, 2] . This principle, if applicable to surgery, has the potential to influence adverse event and error detection, but as yet remains under-examined in the surgical and broader medical literature. Although the effects of IB have been poorly investigated in the context of surgery, with only a handful of studies investigating its prevalence [3] , within the social sciences [2, 4] and specifically the aviation literature [5] [6] [7] it is well established. Two factors have consistently been identified as contributing to levels of IB: firstly, cognitive load [4, 8] ; and secondly, any augmentation of an individual's visual field with task-relevant information [5, 6] . Until relatively recently only the first of these factors has played a significant role in surgical practice, but with the recent growth in image-guided and minimally invasive surgery [9] the future is likely to see both have influence.
The primary objectives of the study were to assess the impact of both cognitive load and augmented reality (AR) intraoperative image overlay on operative IB.
Methods
A randomised control study design was utilised. Participants recruited to the trial were all attending surgeons or surgical residents. Informed consent was obtained from all participants. Demographic data (age, sex and number of postgraduate year experience) were recorded for all participants.
A segment of video (1 min and 42 s in length) was retrospectively taken from a robot-assisted laparoscopic partial nephrectomy. The video was selected to fill a number of criteria: First, a corresponding patient-specific reconstructed CT dataset was required in order to create the AR overlay; and second, the video needed to contain two foreign bodies, one in the centre of the operative scene and a second in the periphery of vision. As can be seen in Fig. 1 , within the video the two foreign bodies visible in the operative scene were: a swab or surgical sponge, for a total of 40 s (39.2 % of the video) within the periphery of vision; and a suture, visible for a total of 3 s in the centre of the operative scene (2.9 % of the video). The video was viewed in 2-dimensions on a standard computer display.
Two levels of block randomisation were undertaken to ensure an adequate number of participants in each group. The first randomisation step allocated participants to either a high or low cognitive load group. At the second randomisation step, participants were randomised to one of three AR subgroups: wireframe overlay, solid overlay and a control group in which no overlay were displayed (Fig. 1) . This process resulted in a total of six groups. Image overlay was undertaken using a previously published semi-automated registration technique [10] . The same video was viewed, with differing AR overlays, by all participants.
For the high cognitive load cohort, participants were asked to count the number of instrument movements that occurred during the course of the video. This step involved keeping a count of the movements of two separate surgical instruments. The use of simultaneous counting is a wellvalidated cognitive loading tool in the assessment of IB [2] and was selected as it forced participants to concentrate on the area of operative focus, replicating the direction of true intraoperative attention. If the instrument count was more than three standard deviations from the mean, the participant was excluded from the study on the basis that their focus had not been sufficiently maintained. In the low cognitive load group, participants were only asked to view the footage with no counting task.
Data were collected using a computer-based tool. All participants were asked to answer the following questions to assess the degree of IB, Q1 assessed unprompted attention, while Q2 and Q3 assessed prompted attention: Q1. 'Did you see any items in the operative field other than the robotic surgical instruments or assistant's suction device different page of the tool to prevent the retrospective alteration of data by participants. The approach used to assess IB has previously been validated in the social science literature [2] . Participants were asked to complete a National Aeronautics and Space Administration-Task Load Index (NASA-TLX) in order to assess the level of task loading they experienced during the video [11] . Participants allocated to the image overlay subgroups were also asked to rate their agreement to the following statements according to a seven-point Likert scale; 'The image overlay impaired my ability to appreciate all features in the operative environment', and 'I believe image overlay would improve the accuracy of tumour resection'. Likert score ratings were converted to a numbered scale, to allow analysis, where one represented 'strongly disagree', two represented 'disagree' and so on.
Pilot study An initial pilot study was undertaken to allow a power calculation to be performed; the study was powered to establish whether an increase in cognitive load increased surgical inattention blindness for the swab. In the pilot, participants were allocated to either a high or low cognitive load groups, eight participants were allocated to each group. None of the participants in the high cognitive load group reported seeing the swab compared with 50 % of participants in the low cognitive load group. The power calculation was therefore performed with anticipated incidences of 0 and 50 % for swab inattention in the high and cognitive load groups, respectively. This calculation demonstrated the need for 11 participants per group to show a statistically significant difference at the 5 % level for 80 % power.
Statistical analysis
All statistical analysis was performed using GraphPad Prism (GraphPad software Inc, CA, USA). Analysis of binary categorical data was performed using Fisher's exact test. Analysis of independent continuous data was performed using the Mann-Whitney U test. The Bonferroni correction was applied as and when serial comparisons were undertaken.
Results
In total, 73 surgeons with an average of 8 years of postgraduate experience were recruited to take part in the study. No significant difference in experience was observed across all six groups (p = 0.59). The mean number of instrument movements observed was 35.7, with a standard deviation of 10.02. A single participant was excluded from analysis as the instrument count was more than three standard deviations from the mean.
Overall inattention blindness
When combining all groups, the level of prompted inattention blindness was seen to be 74 % (54 of 73) and 10 % (7 of 73) for the swab and suture, respectively (all results are for prompted attention unless otherwise stated). When examining the levels of IB within the control group (i.e. low level of cognitive load and no image overlay), the levels of inattention were found to be similarly high (5 of 11, 45 %) for the swab, while comparatively lower for the suture (1 of 11, 9 %).
The effect of cognitive load on inattention blindness When comparing the low and high cognitive load groups, the high load group had a significantly higher NASA-TLX score (69.7 vs. 48.0, p = 0.04) and also demonstrated significantly higher IB for the swab (95 vs. 68 %, p = 0.002, Table 3 ). No significant difference was seen between the groups for detection of the suture, with all groups demonstrating a relatively low level of inattention.
The effect of image overlay on inattention blindness
When looking at the effects of display modality on IB, no significant difference was seen between the two image guidance groups (wireframe and solid), for prompted attention of the swab or suture ( Table 1 ). The same was true when amalgamating the two image guidance groups and comparing with the control group (no image overlay), regardless of cognitive load (Table 2) .
Subjectively, however, participants felt that having an image overlay impacted on their ability to appreciate the operative environment (median Likert score of six) with only a marginal increase in their understanding of the subsurface anatomy (median Likert score of five). Again, there was no significant difference between the different types of image display (p = 0.80 and 0.57, respectively; Table 3 ).
The effect of prompting on inattention blindness
As can be seen in Table 4 , the effects of prompting on inattention for the swab and the suture appear to be dichotomous, with no apparent effect on inattention for the swab (19 vs. 26 %, p = 0.429, for unprompted and prompted groups, respectively) but a marked effect on inattention for the suture (65 vs. 90 %, p = 0.001 for unprompted and prompted groups, respectively) regardless of cognitive load or image guidance.
Discussion
The principal finding of this study is that regardless of cognitive load and image overlay, the level of IB for items at the periphery of vision is relatively high. When prompted even those surgeons under low cognitive load and with no image overlay displayed exhibited 45 % inattention for the swab, despite the fact it was present for 39 % of the operative video. Furthermore, with increasing cognitive load, participants demonstrated deterioration in their ability to register events occurring outside of their working space, potentially experiencing a tunnelling of focus. It seems that with the same increase in cognitive load, the ability to detect occurrences within this tunnel remains unaffected. Finally, the results of this study would suggest that the effect of AR on IB is negligible when compared to cognitive load. The concept of a tunnelling of focus and increasing IB under increasing cognitive load is not new. Groups outside of the surgical, and wider medical literature, have previously demonstrated its occurrence [4] , but this has previously remained relatively under-examined in the medical literature. The implications of this focus are numerous, but two are worth specific mention. The first, and perhaps most important, is that unnecessary cognitive loading of the operating surgeon must at all times be kept to a minimum, particularly during critical operative steps. This is pertinent in view of previous work demonstrating that the number of distractions in theatre runs at approximately one every three minutes [12] . Although tunnelling of focus is almost certainly a major contributing factor in increasing surgical inattention, there are other confounders that may have also had an effect on inattention for the swab, an example of which being how visually salient the offending object is. More work is needed to establish the effect of these other contributing factors on inattention.
Secondly, in addition to minimising the cognitive load for the surgeon, the level of surgical experience must also be taken into consideration. A surgeon with little experience is likely to have greater tunnelling of focus than one with greater experience, due to the higher levels of cognitive load experience when undertaking the same task [13] . This reinforces the need for the supervised training, both for the benefit of the trainee and the patient, with the lower cognitively loaded and more experienced trainer, if present, able to warn the operating trainee of complications occurring outside of their tunnel of focus. In addition, it also underpins the value of an experienced surgical assistant, as the lower cognitively loaded surgeon, in identifying potential complications.
A supplementary and interesting observation was the effect of prompting on surgical inattention. The level of pick up for the item at the centre of the surgeon's tunnel of focus was improved by prompting, suggesting that a significant minority of surgeons registered the presence of the item at a subconscious level and then disregarded its existence as irrelevant. Interestingly this same finding was not observed for the swab, the difference is perhaps most likely explained by an under powering of the data in this respect, as fewer participants overall noted the swabs presence. The decrease in inattention blindness through participant prompting is well documented in the wider literature and as such it is no surprise that we have demonstrated its existence here [1] . Its presence does, however, raise an interesting questions regarding how the brain determines what to 'notice' and what to disregard, and is this effected by factors such as surgical experience or in theatre distraction.
Perhaps the best-known demonstration of inattention blindness is in Simons and Chabris [2] paper entitled 'Gorillas in our midst'. In this study, participants were asked to count the number of passes of a basketball between team members, during this task a man in a gorilla costume walked across the scene. Grossly speaking, these findings tally with those presented here, namely that with increasing task complexity the level of IB increased. However, there is a subtle difference that warrants further discussion: in Simons and Chabris' paper, the gorilla was present in the centre of the screen rather than at the periphery, akin to the suture in this study. In the data presented herein, there was little IB for the suture in any of the groups, and no significant difference in levels of IB with a change in cognitive load. The reason behind this difference may well relate to the interaction with the suture or gorilla; in the Simons and Chabris paper, the gorilla is passive, not taking part in the task on which the participant was being asked to focus, this is in direct contrast to the suture with which the surgical instruments interact during the course of the video and it is perhaps this interaction that forces this foreign body to the forefront of attention.
In addition to correlating with Simons and Chabris' seminal paper, the data presented here also correlate with social science and neuroscience literature more generally, with regards attentional tunnelling. More specifically the findings here, and in the wider literature suggest that with increasing cognitive load comes a tangible reduction in an individual's functional field of view [4] , with a corresponding increase in IB [2, 8] .
In addition to examining the effects of cognitive load on perceptual blindness, the social science literature has looked extensively at the effects of image overlays. This investigation has focused largely on the use of head-updisplays (HUDs) in the military and aviation industries [5] [6] [7] 14] . A meta analysis examining the effects of HUDs on pilot performance in 2000 found that there was little or no effect on IB, with the exception of entirely unexpected events during final approach [5] . Again these findings align with those of the work presented here and with Liu et al.'s [15] work examining the effect of HUD in anaesthesia, with no significant difference seen between image guidance and control groups.
When looking to the literature surrounding IB in surgery, the findings of this study contradict, to some extent, those of Dixon et al. [3] who demonstrated that IB was significantly increased with surgical image guidance. This difference may relate to an increase in cognitive load, independent from the overlay itself. In Dixon et al.'s study, participants used an operative image guidance platform, which required them to maintain the optically tracked probe and reference arc in line of sight of the camera. Achieving this, particularly for individuals not familiar with the system, could potentially impose a level of cognitive load sufficient to induce IB, independent of the image overlay, thereby confounding the results. Other potential confounders included the use of a screw, as the foreign body, in a cadaver. The finding of a screw within a normal operative field would be unusual, bringing into question the relevance of IB for this object, with evidence in the social science and neuroscience literature suggesting that levels of IB are higher for items outside the normal context of an environment [2, 5, 16] .
This study attempted to address these confounders firstly by using a pre-recorded operative video, as a result of which the scene was identical to that seen in operative practice and was standardised across all participants. In addition, there was no requirement to operate an image guidance system, thereby mitigating for any associated loading effects. The use of operative video also allowed for the assessment of IB for objects that are routinely visible in the operative scene, again making the findings more relevant to operative practice.
Although the data presented here have shown non-significance with regards image overlay with regards inattention blindness, participants did raise subjective concerns regarding the impact of AR on a surgeon's ability to sufficiently appreciate the operative scene. This limitation of AR image guidance needs to be taken into consideration when designing and utilising platforms based on this technology, with image overlay rationalised and limited to situations where there is a demonstrable benefit.
This study has identified cognitive load as the driving factor in surgical IB, with any potential effect induced by AR operating environments likely to be relatively small. This said the study is not without its limitations. The majority of these relate to the video having been obtained retrospectively rather than being engineered specifically for the study. Perhaps the most important of these video related limitations was the relevance of the ability to identify a swab or suture, as these are surrogates for the subject of real interest which is the ability, or lack thereof, to identify adverse events occurring outside of the surgeon's tunnel of focus. Secondly, although this study comes closer to operative reality than the existing literature, it is still not directly examining intraoperative IB. In particular the task, participants were asked to perform was an approximation of intraoperative cognitive load, and utilised calculation rather than a motor task to simulate this load. Although this is true, the consensus within the literature is that IB is the result of exhaustion of attentional capacity with perceptual load and as such, as both motor and counting tasks impact this load, their effects should be similar [8, 17] .
Conclusions
Inattention blindness is an important and under investigated part of error and adverse event detection in operative surgery. In this study, all groups, regardless of cognitive load, demonstrated relatively high levels of inattention for items outside of their tunnel of focus. Furthermore, increasing the level of cognitive load significantly increased this inattention. Consistent with the non-medical literature, the effect of AR overlays on IB was found to be relatively insignificant. Although AR may not have a significant effect on IB per se, it is possible that the cognitive load required to operate image guidance systems may do so, and this should be considered when designing future platforms.
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